INTRODUCTION
The skeletal muscle cells are organized from contractile units know as sarcomeres, which are the structural subunits arranged in a repeated pattern, along the length of the cells (Sanger et al., 2010) . The sarcomere holds properties that are crucial for its function: 1) fast and efficient shortening, 2) millisecond activation/inactivation, and 3) precise structural self-assembly. These properties are intimately dependent on the structure and interaction of their constituent proteins, which can be grouped into three functional categories: contractile, regulatory and structural (Craig & Padrón, 2004) .
The contractile proteins actin and myosin, together with the structural proteins (e.g., titin and nebulin) and intermediate filaments, create a solid and efficient muscular architecture. Desmin is the largest intermediate filament, and its impaired expression can cause major alterations on myofibrillar function (Ansved & Edstrom, 1991; Chopard et al., 2001; Cízková et al., 2009; Hnia et al., 2011) . The present literature review describes the main components of muscular ultrastructure, emphasizing the relevance of desmin on disuse-induced atrophy and aging-related muscle loss.
SARCOMERE STRUCTURE
The sarcomere is the skeletal muscle functional unit arranged between two Z-lines ( Fig. 1) (Hopkins, 2006) . In vertebrate skeletal muscle, its rest length is ~2.5 mm. The Z-lines are the anchoring site of α-actinin, titin and several intermediate filaments, including desmin and vimentin. During skeletal muscle growth/development, the first myofibrils are observed next to the cell membrane, indicating that the early sarcomere assembly occurs at the inner cell periphery (Sparrow & Schöck, 2009) . Despite the extensive investigations about myofibril assembly, the molecular mechanisms that control sarcomere construction, structural organization and how it reflects on the sarcomere function remain unclear (Grosberg et al., 2011) .
The Z-line proteins create a special network of interactions that acts as a scaffold and connects the thin filaments from adjacent sarcomeres (Sanger et al.) . are ubiquitously expressed structural proteins of the Z-line. The latter is composed of antiparallel homodimers that crosslink the thin actin filaments of neighboring sarcomeres (Yu et al., 2003) . The two sarcomeric a-actinin isoforms (α-actinin-2 and -3) are major components of the Z-line. A study that investigated skeletal muscle contractile properties of α-actinin-3 knockout mice showed a reduction of muscle force production and increased susceptibility to eccentric contraction-induced damage, indicating that this protein is essential for powerful repetitive muscle contractions (Seto et al., 2011) . The M-line, which is located at the A-band center and splits the sarcomere in half, comprises another set of structural proteins. It interacts directly with the tail domain of myosin filaments and indirectly with the thin filaments (through connecting proteins -mainly nebulin) (Hopkins; Rui et al., 2010) . It was suggested that the M-line could reduce the intrinsic instability of the thick filaments and assist titin on the maintenance of the sarcomere structure. The molecular organization of the M-line indicates that myomesin is one of its key components, forming antiparallel dimers that connect the thick filaments to the M-line, a role analogue to α-actinin in the Z-line (Agarkova & Perriard, 2005) .
Thick Filaments. The thick filaments (~16 nm of diameter) are bipolar polymers and the protein myosin is its major component. The myosin binding protein (MyBP) and the elastic protein titin are also elements of the thick filaments (Gordon et al., 2000) .
Myosin.
Myosin II protein (the isoform present in skeletal muscle) consists of a globular head and a tail (Hopkins) . It is composed of two heavy chains with a molecular weight of ~200 kDa each and four light chains (~20 kDa each), two of them named as essential and the other two named as regulatory (Gordon et al.) . Myosin II presents two fragments; light meromyosin (LMM), which corresponds to two thirds of the tail and is responsible for the self-assembly of protein dimers, and heavy meromyosin (HMM), that is divided in two subfragments; the subfragment 1 (S1), which includes the motor domain, is consisted of globular heads, and the subfragment 2 (S2), which corresponds to the proximal third of the tail and acts as flexible connection between S1 and LMM (Craig & Woodhead, 2006) .
Myosin II is an adenosine triphosphate (ATP)-dependent protein that generates force and movement along the actin filaments. The "swinging lever-arm" hypothesis of muscle contraction purposes that nucleotide-dependent small movements of the ATPase catalytic site are amplified by the rotation of the myosin molecule "neck", and it is accepted as the general mechanism by which the sarcomere shortening occurs (Shiroguchi et al., 2011) . Besides myosin, the thick filaments are composed by other proteins associated to it, which, in vertebrates, are the MyBP-C (-X) of 140 Titin. Titin (~3 MDa), also known as connectin, is a major provider of support to the thick filaments. Each titin molecule expands along the sarcomere from the Z-line to the M-line (Hopkins; Kollár et al., 2010) . Titin is considered a giant muscular protein and is the third most abundant protein in skeletal muscle (after actin and myosin). It provides the passive mechanical tension necessary for the sarcomere to restore its resting length after contraction. This role is based on titin's ability to increase its length when submitted to a longitudinal force and return to the initial length when the force ceases. Titin can act as a "molecular spring" because its NH 2 and COOH terminals are strongly anchored to the Z-line and M-line, respectively (Kollár et al.; Tskhovrebova & Trinick, 2010) . Titin has two elastic domains composed of tandem immunoglobulin (Ig)-like modules and a unique PEVK domain (rich in the amino acid sequence of proline (P), glutamate (E), valine (V) and lysine (K)) (Niederländer et al., 2004) . The specific structural properties of the Ig-like and PEVK domains result in a distinct stiffness for each, making them work a two-spring system that act in series but are not entirely separated (Gautel & Goulding, 1996; Niederländer et al.) . This elastic system is a major contributor for the skeletal muscle passive tension development (Niederländer et al.) .
Thin Filaments. The thin filaments are connected to the Zline, extend perpendicularly towards the M-line and along the length of the fiber, interdigitated with the thick filaments (Hopkins) . The thin filaments (~10 nm of diameter) are composed mainly by actin, tropomyosin, the troponin complex with its three subunits, tropomodulin and nebulin (Gordon et al.) .
Actin. Actin (42 kDa) is the most abundant protein in almost all types of cells and the regulation of its architecture is essential for proper muscle function (Hopkins; Pappas et al., 2010) . Actin is a globular monomeric protein (G-actin) that spontaneously polymerizes to form filamentous-actin (F-actin), the framework of the thin filament. They are organized as two long chains with a helical structure and four subdomains (Steinmetz et al., 1997; Gordon et al.; Dominguez & Holmes, 2011) . The larger ones are subdomains 3 and 4 that interact with subdomains 3 and 4 of the second actin strand. Subdomains 1 and 2 are smaller and located in the periphery of the filament, being available for interaction with myosin, especially subdomain 1, which contains the NH 2 and COOH terminals of actin. This atomic model of the actin filament provides further understanding on the positioning of this protein in the actin-tropomyosin complex and on its relationship with troponin (Gordon et al.) . This elaborate structural network contributes to the efficient transmission of force along the length of the myofibril (McElhinny et al., 2005) .
The length regulation of the thin filaments is carried out largely by the capping proteins, CapZ and tropomodulin (Tmod). CapZ corresponds to a heterodimer (~ 68 kDa) formed by a and b subunits and covers the plus ends of actin filaments, contributing to their alignment with the Z-line. Tmod, a monomer of ~40 kDa, is essential to maintain the length of the thin filaments, limiting its growth in the minusend of the molecule by preventing the depolymerization and elongation of actin filaments (Au, 2004; McElhinny et al.) .
Nebulin. Nebulin is a giant protein (600-900 kDa) that is also part of the thin filaments. It has a highly repetitive structure, as up to 97 % of the polypeptide consists in modules of 30-35 amino acids arranged in simple or super repeats (Donner et al., 2004; Pappas et al.) . It is essential for a proper regulation of the length of the thin filaments involved in muscle contraction (Pappas et al.) . Nebulin deficient muscle fibers develop less tension and have a greater energy cost of force production (Labeit et al., 2011) . Immunoelectron microscopy reveals that a single molecule of nebulin extends along each thin filament with its COOH terminal anchored to the Z-line (plus-end) and the NH 2 terminal facing the minus-end of the thin filament (Ottenheijm & Granzier) .
In the peripheral region of the Z-line, nebulin interacts with desmin, suggesting that the nebulin could be involved in maintaining the lateral alignment of myofibrils, an essential property for a coordinated and efficient contractile activity (Donner et al.; Pappas et al.) .
Tropomyosin. Weighing ~37 kDa, is a large molecule with 42 nm of length formed as a homo or heterodimer of chains and helical structure over 7 actin subunits. The stability of the spiral is generated by hydrophobic interactions provided by the amino acids of each chain. X-ray images of tropomyosin interaction with F-actin filaments, suggest an electrostatic binding (Gordon et al.; Au) . The primary function of tropomyosin is the regulation of the muscle contraction by blocking the binding sites of myosin located in actin protein. It prevents the actin-myosin interaction in relaxed state (Lin et al., 2017) .
Troponin complex. Ca 2+ concentrations are the initial signaling to produce muscle contraction and this is detected and transduced by troponin complex in skeletal and cardiac muscle. The troponin complex is composed of three subunits: 1) troponin C (TnC), 18 kDa, which has binding sites for calcium; 2) troponin I (TnI), 20-24 kDa, coupled with actin, which interferes with the binding of myosin to actin at low calcium concentrations (inhibitory effect); and 3) troponin T (TnT), 31-36 kDa, that binds the troponin complex with tropomyosin. One troponin complex is present for every seven actins molecules along thin filaments (Gordon et al.; Moore et al., 2016; Lin et al., 2017) .
In short, for muscle contraction to be generated, the calcium released from the sarcoplasmic reticulum will bind to TnC, inducing conformational changes that alter the inhibitory action of TnI and consequently also alter the position of tropomyosin protein on actin filaments, freeing the active sites in actin filaments for the binding of myosin heavy heads, allowing the formation of cross bridges (Yanagida & Oosawa, 1975; Gordon et al.; Bekyarova et al., 2008; Lin et al.) . Details on the regulation of cross-bridge cycling and the role of thick and thin filaments on contraction are reviewed elsewhere.
Intermediate filaments. In addition to the structures in the cytoskeleton formed by the M-and Z-line, the three-dimensional organization of thick and thin filaments is provided by an organized network of intermediate filaments which adhere to the sarcomere periphery. They are called "intermediate filaments" due to their diameter that varies between 9 nm (microfilaments) and 25 nm (microtubules) . These proteins are encoded by a family of about 70 genes (Chang et al., 2009) . Intermediate filaments confer mechanical stability to the sarcomere by forming transverse connections between adjacent myofibrils, in addition to connect myofibrils to the sarcolemma and nucleus (Green et al., 2005; Craig & Padrón) .
There are a great variety of proteins that form the network of intermediate filaments. The most known are vimentin, synemin, nestin, syncoilin, skelemin, plectin and desmin.
Vimentin (55 kDa) is a protein expressed in skeletal muscle cells and it is typical of mesenchymal tissue. Vimentin, as well as desmin (described below), has three domains: an α-helical central zone, a head and a tail. They can form homodimers or heterodimers and are closely interrelated. During myoblast development, this protein copolymerizes with nestin and gradually disappears during subsequent differentiation to myotubes, when desmin becomes the prevailing intermediate filament (Cízková et al.) .
Synemin and nestin.
Both proteins are assembled with desmin and vimentin in muscle cells. Synemin protein (~230 kDa) is located at the Z-line periphery, co-polymerizing with desmin protein, and has binding sites for a-actinin and vinculin, allowing it to participate in the connection between Z-line and cell membrane. Nestin (220-240 kDa) is coexpressed with vimentin and desmin on the Z-line during prenatal development, decreasing its expression in the postnatal period (Craig & Padrón) . The exact role of nestin has not been fully elucidated, but it probably assists on the assembly and disassembly of structural components of the cell, having a role in the morphological changes required for cell division and migration (Cízková et al.) .
Syncoilin. (64 kDa) is a protein highly expressed in heart and skeletal muscle and interacts with desmin and the dystrophin-associated protein complex (DGC). DGC is a complex that connects the cytoskeleton with extracellular matrix and is important to maintain the sarcomere structure, having a principal role in force transmission (for further details see (Hughes et al., 2015) . Syncoilin is expressed at the neuromuscular junction, the sarcolemma and the Z-line. In contrast to most of intermediate filaments, this protein has shown to be highly soluble and do not form filaments, therefore it was suggested that it may be involved in the organization of intermediate filaments and in the anchoring of this network to the sarcolemma through the DGC (Craig & Padrón; Clarke et al., 2010) .
Skelemin (195 kDa) is a protein located on the M-line and is key in mediating the connection to the extracellular matrix in early stages of cell development (Deshmukh et al., 2007) .
Plectin. Is a protein with a high molecular weight (>500 kDa) linking intermediate filaments and costameres. It allows the attachment of adjacent myofibrils to the Z-line (Milner et al., 2000; Hijikata et al., 2008) and between peripheral myofibrils and the sarcolemma (Favre et al., 2011) . Also, this protein anchors organelles, such as mitochondria, and the nuclei to the intermediate filament network (Winter & Wiche, 2013) .
Desmin protein is the major component of the intermediate filaments in adult muscle. In humans, this protein is encoded by a gene located on chromosome 2q35 (DES). DES comprises nine exons within a region of 8.4 kb and encodes a protein of 470 amino acids. Consistent with its function, desmin is organized into three domains, a highly conserved α-helical central region of 308 amino acids and two globular structures, the NH 2 and COOH terminal regions, known as head and tail domains, respectively (Fig. 2) (Goldfarb & Dalakas, 2009 ).
Desmin has a molecular weight of 53 kDa, exhibits a diameter of 8-14 nm (Bär et al., 2004) and is more expressed in the cardiac muscle (2 % of total protein) when compared to skeletal muscle (0.35 %) (Goldfarb & Dalakas) . Its interaction with other intermediate filaments proteins provides a continuous network in the cytoskeleton that maintains a spatial relationship between the contractile apparatus and other structural elements of the cell, allowing the maintenance of cell integrity, efficient transmission of force and mechanochemical signaling within the cell (Goldfarb & Dalakas) . At the same time, desmin is also linked with costameres, suggesting an influence on the organization and regulation of the extracellular matrix (Meyer & Lieber, 2012) . In striated muscle, desmin protein is located around the Z-line on the extra-myofibrillar space, forming connections around the mitochondria and in the periphery of the cell nuclei (Shah et al., 2012) , which provides a mechanism where contractile activity could influence the metabolic function (Milner et al.) .
Knockout mice studies have shown the importance of desmin in the early stages of myogenic development, indicating that it is essential to define the structure of skeletal and cardiac muscle. This protein is involved in the early events of myogenesis and muscle regeneration and may play a role in the proliferation of myoblasts (Carlsson & Thornell, 2001; Smythe et al., 2001) . Furthermore, it has been observed that the loss of desmin causes a disruption in the organization of muscle fibers, reduces the ability of generating force and the efficiency of force transfer across and along the fiber, leading the muscle fibers to become weaker and more susceptible to damage (Lovering et al., 2011) .
Given the structural and functional characteristics of desmin, its participation in natural or induced processes involving muscular atrophy has become particularly relevant and alterations in desmin expression are being described in conditions of muscle atrophy induced by disuse and aging (Ansved & Edstrom; Enns et al., 2007; Ogneva, 2010; Cohen et al., 2012 ; Marzuca-Nassr et al., 2017a).
Desmin in Muscle Disuse
Atrophy: Hindlimb Suspension Animal Model. The animal model of hindlimb suspension mimics human bed rest and spaceflight conditions. In an individual special cage, the animal is maintained with the tail taped to a harness and pulley on the top of the cage. In this position, the animal moves freely using the forelimbs only, while the hind limbs cannot touch the bottom of the cage, removing the mechanical loading and causing disuse atrophy of the hindlimb muscles (Marzuca-Nassr et al., 2016; Marzuca-Nassr et al., 2017b; Marzuca-Nassr et al., 2017a) .
Although an early study using an animal model of hindlimb suspension showed no changes in the relative content of desmin in the atrophic muscle (Chopard et al.) , others subsequent studies have observed variations in the levels of this protein (Ogneva; Xu et al., 2012; MarzucaNassr et al., 2017a ).
Ogneva conducted a study to determine the transverse stiffness of muscle fibers and content of desmin in muscles of the hind limbs: soleus, medial gastrocnemius and tibialis anterior of rats subjected to hindlimb suspension. The transverse stiffness of the sarcolemma during disuse atrophy state was reduced in all muscles (regardless of type of fiber), suggesting a direct effect of gravity as an external mechanical factor influencing sarcoplasmic membrane tension (Ogneva) . The author also observed that the content of desmin in medial gastrocnemius and tibialis anterior muscles increased on days 1, 3 and 7 of hindlimb suspension, but returned to baseline levels on day 12. However, the soleus muscle presented a different dynamic, wherein the content of desmin decreased by day 3 and 7 and returned to baseline levels on day 12, which implies that the contractile characteristics of the muscles (fiber type composition and activity pattern) determines a differential response in the content of desmin regulated by disuse (Ogneva) . On the contrary, Xu et al., after two weeks of hindlimb suspension in healthy male rats (220 ± 10 g), observed a decrease in the content of desmin, which was associated to the increased protein degradation in the soleus muscle. In the same line, we recently observed that the same period of hindlimb suspension also decreases the desmin protein content in soleus and extensor digitorum longus (EDL) muscles of aging rats. Conversely, the content of desmin protein significantly increases in the tibialis anterior muscle (Marzuca-Nassr et al., 2017a) .
Desmin in Muscle Atrophy During Aging. Ansver & Edstrom (1991) mention that many pathological changes seen in the muscle of old rats are similar to those induced by denervation: the presence of atrophic angular fibers, peripheral loss of myofibrillar material, sarcolemmal and nuclear membrane damage, prominent vesicles in the Golgi apparatus and proliferation and dilation of the sarcoplasmic reticulum and transverse tubules. In addition, it was observed that muscle fibers of old animals had spaces under the sarcolemma with remnants of myofilaments, including desmin (Ansved & Edstrom).
There is controversy over changes in the levels of desmin during aging. Meyer & Lieber, observed a decrease in the expression of desmin in the EDL, tibialis anterior, gastrocnemius and quadriceps muscles in adult subjects compared to young subject (Meyer & Lieber) . Conversely, Russ & Grandy (2011) , observed that the levels of desmin in the soleus, plantaris, medial and lateral gastrocnemius muscles are higher in adult than in old rats. Recently, Hughes et al. (2016) , also comparing muscles of adult and old rats, observed that desmin protein present significantly higher levels in the tibialis anterior muscle of old rats (Hughes et al., 2016) . The higher levels in desmin protein may represent a compensatory effect in aged muscle to maintain its function. Past and recent studies indicate that desmin protein plays an important role in excitation-contraction (Balogh et al., 2003; Russ & Grandy) and force transfer (Hughes et al., 2015) , processes that are impaired by aging, and higher levels in the desmin protein can help to improve the electromechanical function of the muscle fiber.
The controversies of the studies described above suggest that the effects of atrophy due to aging are different from those induced by disuse. Several investigations have been developed to understand how the different structural proteins of the skeletal muscle are affected during development or by disuse. Among these, desmin protein, the most important protein of the intermediate filaments, is of great interest, because its alteration is associated with muscle atrophy in different situations, showing differential response patterns depending on the type of muscle fibers involved. Future research should be developed in this area to understand the biological mechanisms underlying the changes in the levels of sarcomeric proteins (e.g., desmin) and how they lead to changes in the mechanochemical signaling within the muscle cell, which limit their ability to generate tension and to maintain muscle mass/integrity.
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RESUMEN:
Conocer la ultraestructura del músculo esquelético es crítico para entender cómo trabaja bajo situaciones normales y en desórdenes causados por condiciones extremas o patológicas. La sarcómera es la unidad de estructura básica del tejido muscular estriado. Elementos importantes en la arquitectura de la sarcómera son los filamentos intermedios, incluyendo la proteína desmina. La proteína desmina contribuye en mantener la integridad celular, la transmisión eficiente de fuerza y la señaliza-ción mecanoquímica dentro del miocito. Debido a lo anterior, la proteína desmina ha sido constante foco de investigación en trabajos que estudian sus alteraciones asociadas a daño y atrofia muscular bajo diferentes condiciones. El propósito de la siguiente revisión de la literatura es describir los conceptos básicos de la ultraestructura muscular, enfatizando en el rol de la proteína desmina bajo condiciones de atrofia muscular por desuso y envejecimiento.
PALABRAS CLAVE: Sarcómera; Desmina; Atrofia muscular por desuso; Suspensión de las patas traseras; Envejecimiento; Filamentos intermedios.
